One of the most popular models that is known to be able to solve the lepton flavour universality violating charged (b → c) and neutral current (b → s) anomalies is the Leptoquark Model. However, collider searches for such leptoquarks till date are only restricted towards their scalar counterpart. In this work we examine the multijet + E T / collider signatures of a vector leptoquark (U 1 ) which has the potential to mediate both the charged and neutral current processes at tree level. From our collider analysis we derive the exclusion mass limits for the U 1 leptoquark at 95% C.L. at the current and future experiment of Large Hadron Collider. We also calculate the effect of such a leptoquark in B → π observables. These can be used as further benchmarks if a hint towards the presence of such a leptoquark is discovered.
I Introduction
The Standard Model (SM) of particle physics is the most successful theoretical description of the experimentally detected spectrum of fundamental particles till date. This description is based on the gauge invariance of the local group SU(3) C × SU(2) L × U(1) Y . The quarks and leptons enter this description as independent fields. However, the success of the SM as a quantum field theory is crucially dependent on the cancellation between the lepton and quark contributions to triangle anomalies of gauged currents. As such, it is only logical to expect that a more fundamental description of these particles might incorporate an interrelation between the quarks and the leptons [1] .
The Leptoquark (or Lepto-quark) (LQ) is such an extension of the SM where the LQs are hypothetical particles which mediate interactions between quarks and leptons at tree-level. Such scenarios emerge naturally in several extensions of the SM (e.g., composite models [2] , Grand Unified Theories [3] [4] [5] [6] [7] [8] [9] [10] , superstring-inspired E 6 models [11] [12] [13] [14] 
etc).
The discovery of LQs would thus be a signal for matter unification. As such, these particles have extensively been discussed theoretically for over forty years, both from the point of view of their diverse phenomenological aspects [15] [16] [17] , and specific properties [1, . A considerable amount of work regarding LQs has also been undertaken from the experimental side. However, the major part of these searches have been directed towards scalar LQs [40] [41] [42] [43] [44] . Experimental studies on vector LQs, though present in the literature [45] , are scarce in number.
On a different note, there have been constant and consistent hints towards the presence of lepton flavour universality violating (LFUV) new physics (NP) both in charged-current [46] [47] [48] [49] [50] [51] and neutral-current [52] [53] [54] processes over the last few years. These flavour anomalies exhibit diverse phenomenological roles in validating/invalidating or constraining a plethora of existing NP models. Various versions of LQ models have also been used in explaining these anomalies [34, [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . The advantage in doing so is that LQ is one of those few models which allow for all the different kinds of NP interactions (based on their Lorentz structures, viz. scalar, pseudo-scalar, vector, axial-vector and tensor) that have the potential to explain such deviations. If LQs are potential candidates for explaining such anomalies, it is imperative that one carefully investigates the production and decay signatures of these entities and predict observables which help in their detection. As a result, the phenomenological community has recently displayed a lot of interest in collider studies of LQs [24-26, 28, 31, 32] .
However, collider searches dedicated to vector LQs in particular are very limited in the literature. In fact, due to the unavailability of cross section limits on vector LQs from both CMS and ATLAS, there is no practical bound on the mass of vector LQs. As such one can provide a rough estimate on the mass limit for other LQs using a reasonable guess from cross section bounds obtained for the scalar LQs. In this regard ref [28] argues that searches for scalar LQs are very sensitive to vector LQs too, and the differences in the corresponding efficiencies are small enough. In the present article, we investigate the collider signatures as well the corresponding effects in B → π transitions for one such vector LQ U 1 , which contributes to both charged current (b → c) and neutral current (b → s) anomalies 1 . This LQ has baryon and lepton number conserving couplings. Consequently, there is no possibility of proton decay being mediated by U 1 2 . In this set up we perform the comprehensive collider analysis of U 1 vector LQ (VLQ) via multijet + E T / final states. We have studied two scenarios assuming the above vector leptoquark to couple to: (i) only third generation of quarks and leptons and (ii) all three generations of quarks and leptons. We have utilized several interesting kinematic variables which best exploit the available kinematic information between the signal and background events to maximize the collider reach for 13 TeV LHC. Our analysis shows that the U 1 VLQ can be excluded upto 1.3 TeV at 95% C.L. for an integrated luminosity of 100 fb −1 .
The paper is organised as follows. We briefly describe the Lagrangian for the U 1 VLQ and set our convention in section II. Section III is about the collider analysis for U 1 via multijet + E T / final states. Section IV predicts the values for B → π observables mediated by the U 1 VLQ. Finally, we summarize our results in section V.
1 A complete analysis of such anomalies in the LQ model would require the calculation of additional interactions mediated by LQ's other than U 1 . However, U 1 is the only vector LQ that contributes to both charged and neutral current anomalies at tree level. This is one of the main motivations behind our current article.
2 At this point we remark in passing that, the lepton and baryon number violating LQs are very heavy in order to avoid bounds from proton decay. However, the LQs with the baryon and lepton number conserving couplings restrict proton decay and could be light enough to be seen in the LHC.
II Effective Lagrangian of U 1 vector Leptoquark
It has been already mentioned that, LQs are special particles that appear naturally in particular extensions of the SM. Depending on the considered model, the LQs may be scalar (spin 0) or vector (spin 1) particles. All the LQs are colour-triplet and carry both baryon as well as lepton numbers. As a consequence they are able to mediate transitions between the quark and lepton sectors. Apart from the SM particles, a general LQ model 3 contains at least two massive neutrinos and twelve LQ particles. Among the twelve LQs, six are scalars (S 3 , R 2 ,R 2 ,S 1 , S 1 ,S 1 ) and the rest (U 3 , V 2 ,Ṽ 2 ,Ũ 1 , U 1 ,Ū 1 ) transform vectorially under Lorentz transformations. As discussed earlier, the focus for the rest of our article will be on U 1 VLQ. The interaction Lagrangian for the U 1 VLQ with the SM fermion bilinear that serves our purpose can be written as [65] :
The gauge quantum numbers for U 
III Collider analysis
We begin our collider analysis by specifying the two signal topologies that we consider:
where j corresponds to jets from all three generation of quarks. Note that the U 1 represents the anti-particle of the U 1 VLQ. The signal in eq. 2 is characterized by the presence of di-top and large missing energy ( / E T ) in the final state which we designated as di-top signal. For this signal, we have assumed that the U 1 VLQ couples only to the third generation quarks and leptons by assigning non-zero values to the corresponding couplings while setting the other couplings to zero. Furthermore, we also consider the coupling of U 1 to top quark and neutrino to be equal to that of the bottom and tau-lepton in order to simplify 4 our analysis. Therefore, the branching ratio for each channel is approximately 50%. Each top quark in the final state is assumed to decay hadronically. Since the top quark is produced from the (very heavy) U 1 VLQ, it is boosted. The corresponding decays are hence collimated and fall inside a large radius jet (marked by green blobs in fig. 1 ) which is discussed below. For this signal we demand at least two large radius jets with transverse momentum (P T ) > 50 GeV and large missing transverse energy. In addition, before forming the large radius jets we also require events to have at least one b-jets and then passed the event through fastjet to construct the large radius jets. The signal given in eq. 3 consists of multijets and large missing energy in the final state which we dubbed as di-jet signal. Here, the U 1 VLQ couples to all three generations of quarks and leptons. Hence, the jets in the final state may also include jets from the top quark. However, the large radius jet criteria is not very useful in this case since the number of events that contains top quark is now less in number compared to the earlier signal. We hence demand the presence of large missing transverse energy and multijets in the final state for this signal. Since both the signals have multijets in the final state, we further demand that there should at least be two jets in the final state with P j T ≥ 20 GeV and |η j | ≤ 2.4 and the reconstructed leptons (electrons and muons) with P l T ≥ 10 GeV and |η l | ≤ 2.4 are vetoed for the both of them.
The SM processes which contribute as backgrounds to the above final states are tt + jets, tt(W ± /Z/h) + jets, tW ± + jets, V + jets, V V + jets, V V V + jets where V = W ± , Z and QCD multijets (up to four jets). Since the QCD multijets have very small missing transverse energy, it can be handled using a moderate to large missing energy cut, so the dominant contribution comes from the top pair events, tri-boson and di-boson backgrounds. The significance for both the signals can be maximized subject to appropriate choices for the kinematic variables. The events corresponding to the signal and SM backgrounds in our analysis have been generated using Madgraph5 [66] with the NNPDF3.0 parton distribution functions [67] . The UFO model files required for the Madgraph analysis have been obtained from FeynRules [68] after a proper implementation of the model. Following this parton level analysis, the parton showering and hadronisation are performed using Pythia [69] . We use Delphes(v3) [70] for the corresponding detector level simulation after the showering/hadronisation. The jet construction at this level has been performed using fastjet [71] which involves the anti-K T jet algorithm with radius R = 0.5 and P T > 20 GeV. The hard-jet background as well as the signal events have been properly matched using the MLM matching scheme [72] . Both the signal and backgrounds except V +jets are matched up to 2 jets and matching for V +jets are done up to 4 jets. After getting the reconstructed jets in each event, we again pass the jets through the fastjet with radius 5 R = 0.8 to get the large radius jets with P T > 50 GeV for the di-top signal.
The cross section used in this analysis for the background process tt is 815.96 pb [73] as calculated with the Top++2.0 program to NNLO in perturbative QCD, with soft-gluon resummation to NNLL order assuming a top quark mass of 173.2 GeV. For the tW ± , we have used the NLO + NNLL order cross section which is 71.7 pb [74] . For the processes, ttW ± and ttZ the NLO cross section is used as 0.6448 pb and 0.8736 pb [75] respectively. The single vector boson production cross section used in this analysis is 6.18 × 10 4 pb (1.979 × 10 4 pb) for W ± +jets (Z+jets) [76] at NNLO. The NNLO production cross section for the di-boson process is 118.7 pb [77] , 16.91 pb [78] and 51.0 pb [79] for W + W − , ZZ and ZW ± respectively. Finally, the cross section for tri-boson, QCD multijets backgrounds are taken from the Madgraph. For the signal, we have used the LO cross section calculated from the Madgraph to give a conservative collider reach.
The signal topology as in eq. 2 is shown in fig. 1 where each U 1 VLQ decays to the top quark and neutrino. Subsequently, the top quark decays hadronically and the decay products are collimated because they are produced from a highly boosted top quark. The deep green blobs are diagrammatic representation of the large radius jets denoted as t j (t j ) from the top (anti-top). The signal
Figure 1: This is a representative diagram for the pair production of the U 1 VLQ, each of which subsequently decays to the top quark and neutrino. The top (anti-top) quark further decays hadronically leading to multijets and missing energy in the final state. Since the top (antitop) is produced from the U 1 VLQ, it is highly boosted and hence the decays are collimated. The collimated objects are diagrammatically represented as green blobs. The black dashed lines represent the neutrinos which are undetected in the detector and give rise to momentum imbalance, viz. the missing transverse momenta. topology corresponding to eq. 3 can be represented pictorially with the top quarks being replaced by jets. We hence refrain from providing a similar diagram for the same.
Several kinematic variables have been used in our analysis which utilize the available kinematic information to maximize the significance. They are: missing transverse energy ( / E T ), transverse mass variable M T 2 [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] , √ŝ min [90] [91] [92] [93] [94] [95] and razor variables [96] [97] [98] [99] which we discuss briefly in what follows.
The missing transverse energy, / E T , is the momentum imbalance in the transverse direction. It is expected to have a significant value subject to the presence of invisible particles in the final state. Otherwise, it attains a comparatively smaller non-zero value owing to miss-measurement. Since both the signals have neutrinos in the final state, they generate a significant amount of missing energy. The missing energy corresponding to the background events, however, is mostly due to miss-measurement except for some small fraction of events where neutrinos contribute. expected. One can immediately verify that / E T for the signal peaks at a value that is much higher compared to the backgrounds where it peaks at values close to zero. Hence, / E T is an important variable suitable for handling the large SM backgrounds.
The mass bound variable √ŝ min has been proposed to measure the mass scale associated with new physics. This is a global and inclusive variable which can be applied for any event topology without caring about the number of parent and the number of invisible particles involved in the topology. When there are invisible particles present in the final state, it is very challenging to get the information of the partonic CM energy, √ŝ , which is nothing but the mass of the heavy resonance for singly production or the threshold of the pair production. √ŝ min is an interesting way out where the peak (end-point) of the distribution is nicely correlated with the pair production (singly produced heavy resonance). For a given event, it is defined as the minimum partonic CM energy that is required to produce the given final state particles and the measured missing transverse energy. Mathematically,
where m inv is sum of the invisible particle masses while E vis = j e vis j is the total visible energy and P vis z = j p z j stands for total longitudinal component of the visible momenta of the reconstructed objects. The above expression for √ŝ min is obtained after minimizing √ŝ with respect to the invisible momenta subject to the missing transverse momentum constraints. for the pair production. Considering the pair production of U 1 as our signal, the peak at 2 TeV hence matches well with the theoretical expectation for the variable. Since the threshold for the backgrounds are much smaller compared to the signal, this variable is also a smart choice as far as reducing the SM backgrounds is concerned.
The (1 + 2) dimensional transverse mass variable, M T 2 , plays a pivotal role in reducing the background events. As a result, the signal significance is satisfactorily enhanced even though this variable was initially defined for the mass measurement of new particles both in long and short decay chains. The kinematic variable M T 2 is defined as the maximum transverse mass between the two parents satisfying the missing transverse momenta ( P T ) constraints and then minimizing over the momenta of the invisible particles (e.g. neutrino).
where the M (i)
T for each decay chain are,
In the above p iT and q iT , E
are the transverse momentum, transverse energy of the large radius jet from top (anti-top) and neutrino respectively. Note that the visible quantities in each event for the di-top (di-jet) signal, are the two hardest P T large radius jets (hardest P T jets). The remaining reconstructed quantities are assumed to be soft and do not change the M T 2 distribution significantly. Note that the minimization, in the definition of M T 2 , acts over all the partitions of missing transverse constraints. The maximization, on the other hand, is done between the two transverse masses for each partition. This ensures that the resulting M T 2 gets closer to the U 1 mass, M U 1 . By construction, M T 2 ≤ M U 1 where the equality holds when the top (anti-top) quark and the anti-neutrino (neutrino) are produced with equal rapidity. Hence, for the correct input mass of the invisible daughter particle, the endpoint for M T 2 is at the mass of the U 1 VLQ M U 1 . The neutrino mass being very small, we assume it to be zero for the M T 2 calculation. In fig. 3 , (left panel) the M T 2 distribution is displayed where the red colour corresponds to the signal. Since the mass of the U 1 VLQ is taken to be 1 TeV, the end-point of the distribution, as expected, is at the same value albeit with very small number of events. Most of the backgrounds fall sharply at around 200 GeV which makes this mass bound variable extremely important in maximizing the signal to background ratio. Normalized units Figure 4 : The dimensionless ratio of razor variables, R, in the y-axis and m R in the x-axis with normalized events in the coloured bar represented for the signal and for some dominant (subdominant) background events like di-boson, tri-boson and associated production of vector boson with top quark pair. The distribution for the other background events are similar and hence are not included in the plots here. By construction, as discussed in the text, the variable R peaks for higher values of the variables for the signal. For backgrounds however, it is peaks near zero. The variables R and m R are very effective in distinguishing the signal from the background events.
The razor variable is another interesting observable well known for handling SM backgrounds with di-jet 6 and missing transverse energy produced from the pair production of heavy resonance. Assuming the heavy resonances are produced at the threshold, which is true for many BSM scenarios except the cases when the resonance is not so heavy, one calculates the two following mass variables:
In the razor frame, the longitudinal component of the momentum of the two visible decay products are equal and opposite. With this assumption, the variable m R will display a peak at the mass of the U 1 VLQ, M U 1 (where the neutrino mass is assumed to be zero). The transverse mass, m T R , contains the information of the missing transverse energy due to neutrinos for signal events. The missing energy for most the background events is due to mis-measurement. Although there are some background events which contain neutrino(s) in the final state, the number of events with such a final state is very small statistically and does not contribute much. Therefore, for signal events m T R ≤ M U 1 while no such relation exist for the background events. In order to better discriminate the signal and background events a dimensionless ratio is defined as follows,
While R for backgrounds will peak at zero, for the signal it will peak at higher values giving a better discrimination between the two. The variable m R is represented in fig. 3 (right panel). It is immediately evident that it peaks at the mass of the U 1 VLQ for the signal events. The corresponding peak for backgrounds is at comparatively smaller values. The dimensionless ratio R is displayed in fig. 4 which represents a 2 dimensional histogram where the colour axis represents the normalized events. The variable m R along with the dimensionless ratio R is appropriate for handling the background events efficiently. Since the signal peaks at higher values of R and m R in the R − m R plane compared to the backgrounds, a moderate cut on both R and m R would be sufficient in order to minimize the backgrounds.
We now utilize these (efficient) variables for a cut based analysis in order to maximize the signal significance motivated from the distribution of the variables. The cuts used are:
• / E T > 450 GeV,
• m R > 600 GeV,
• R > 0.5. 6 In this analysis we have selected events with at least two large radius jets (two nominal jets) to calculate the razor variables for the di-top (di-jet) signal. For more than two large radius jets (nominal jets) we select the two which are the hardest. Since the signal (as in eq. 2) consists of a top pair in the final state, there will at least be two b-jets present in each event. Hence, we require at least one 7 b-jet in each event which is very helpful in reducing the di-boson and single vector boson backgrounds. We drop the b-jet tagging for the signal mentioned in eq. 3 because, for this scenario, there will be no b-jet in the final state in many cases. Furthermore, we have not considered the large radius jets in this case because of the presence of first and second generation quarks in the final state which will not form large radius jets. The razor variables and M T 2 for the di-jet signal are calculated using the two hardest P T jets and missing transverse energy.
Using the above cuts without much optimization, we have enumerated the statistical significance of the aforementioned signals using the following formula:
Here, N s (N b ) denotes the number of signal (background) events after implementing all the cuts at a specific luminosity. The b corresponds to the systematic uncertainty present in the SM background events which is taken to be 10% in this analysis. Using eq. 11 for the di-top signal, we find that the VLQ can be excluded up to 1.3 TeV at 95% C.L. for 13 TeV LHC with 100 fb −1 integrated luminosity. For higher values of the luminosity like 300 fb −1 (3000 fb −1 ), one can exclude the VLQ up to 1.4 TeV (1.5 TeV) at the same C.L. at the LHC. Similarly, for the di-jet signal where the VLQ couples to all three generations, it can be excluded up to 1.1 TeV with 95% C.L. for 13 TeV LHC with 100 fb −1 of integrated luminosity. This limit can reach a value as high as 1.3 TeV if we increase the integrated luminosity to 3000 fb −1 for 13 TeV LHC. In Fig. 5 we depict 7 Although tagging two b-jets seems more logical but b-tagging essentially comes with its efficiency [100] which is close to 70% for a P T of approximately 150 GeV with a mis-tagging efficiency of 1.5%. Hence, tagging two b-jets is not very economical. We have checked that the single b-jet requirement is enough to reduce di-boson and single vector boson backgrounds.
the exclusion limit at 95% C.L. for √ s = 13 TeV for signal 2 (left panel) and signal 3 (right panel) respectively. The dotted lines denote the central value at 2σ significance. We also incorporate a systematic uncertainty of 10% in calculating the backgrounds which results in the band(s). The green, blue and black lines denote the exclusion limits for 100, 300 and 3000 fb −1 integrated luminosity (L int ) respectively and the red line denotes the effective theoretical production crosssection, at the leading order, with the variation of the mass of VLQ. As is evident from the figure, the limit is slightly stringent when the VLQ couples to third generation quarks and leptons only. This is due to the removal of the b-tagging criteria and the large radius jets in the analysis which help in reducing the single vector boson backgrounds efficiently.
IV Prediction of B → π observables
Flavour physics has been instrumental in the search for NP which has been the main interest of the current phenomenological community for the last decade. The R D ( * ) and R K ( * ) ratios with deviations of about 4σ and 2.6σ from their SM values respectively, along with other observables, have been much discussed as probes for such LFUV NP. However, these observables can probe such NP in b → c and b → s sub-quark processes only. If it is indeed present, there is apriori no reason for such NP to not be reflected in other sub-quark transitions. Hence, there has been active interest in defining observables sensitive to such NP subject to other sub-quark transitions. To that end, the B → πlν processes provide a favourable probe for testing LFUV NP in b → u transitions 8 . While the purpose of our present article is not probing such NP in the b → u sub-quark processes, it might be interesting to explore the effects of the U 1 VLQ in B → π observables 9 . In fact, as we will shortly find out, the forward-backward asymmetry (A F B ) and the polarization (P τ ) for the τ lepton can be used as definitive probes for the U 1 VLQ.
The effective Lagrangian for a b → ulν decay with all possible vector and scalar Wilson coefficients (WCs) can be written as [104, 105] : In accordance with [55] which provides the complete list of WCs relevant for LQ models and contributing to b → cτ ν, the corresponding b → ulν WCs for the U 1 VLQ can be written as 10 :
where l = e, µ, τ , V k3 denotes the CKM elements and the upper index of the LQ denotes its electric charge. We discard the contribution from the Cabibbo suppressed terms and keep the leading terms proportional to V 33 = V tb .
The matrix element for a B → π transition is written in terms of two form factors f 0 and f + as:
where p π and p B are the 4 momenta of the π and B mesons respectively and q = p B − p π is the 4 momentum transfer. Using the above form factors and WCs, the q 2 dependent differential decay width for a B → πlν transition mediated by a U 1 VLQ is given by [55] 
In the above, λ = m
. The H's are the helicity amplitudes which can be written down in terms of the two form factors f + and f 0 as:
where m B and the m π are the masses of the B and π mesons respectively.
The two form factors f + and f 0 that appear in eqs. 14 and 16 can in turn be parametrized in terms of a z-series expansion using light cone sum rule (LCSR) results as input. The q 2 dependence of these form factors for the whole of the di-lepton invariant mass region can be obtained from ref [106] . The values for the (LCSR) input parameters used in our analysis can be found in table 1. Table 1 : Values for the input parameters for form factors in accordance with ref. [106] .
In order to predict the values of observables with the potential to probe the effect of the U 1 VLQ in B → π transitions, it is necessary to first provide definitive bounds on the NP WCs (C l V 1 and C l S 1 in eq. 13) which are instrumental in forming such observables. Since we provide observables probing the exclusive process B + → π 0 lν l , we use the corresponding leptonic branching fractions (B + → l + ν l ) in order to constrain the related WCs. The experimental values corresponding to the three generations of leptons can be found in ref. [107] . We list them here:
The theoretical expression for the lhs of eq. 17 is basically a function of the WCs given in eq. 13 and is given by [108] : to be real for numerical simplicity, we generate a large number of data points for these WCs at the maximum (for each of e, µ and τ ) and minimum (for τ ) value for the corresponding branching fractions, thus ensuring that these WCs satisfy the experimental bounds due to the branching fractions. We then generate the same number of values for six observables:
• the forward-backward asymmetry (A l F B ), • the lepton polarization (P l ).
for for l = e, µ, τ . The values (and errors) for each of these observables agree upto the third decimal place. Since the leptonic branching fractions for the light leptons are limits, the corresponding constraints on the WCs translate into limits for the related observables as well. It is hence not feasible to use these values as probe for the U 1 VLQ. We hence refrain from showing these observables and provide only A τ F B and P τ in table 2 . We see that the values (within errors) for these observables are different in the U 1 LQ model from their SM counterparts. The value for A τ F B for the U 1 VLQ is 4σ away from the corresponding SM value. The corresponding deviation for P τ is lesser (viz. 3.36σ). This is because the SM error for P τ is O(1) higher than that for A mention here that since the bounds on the corresponding WCs are derived from the experimental values of the leptonic branching fractions, they do not vary with the mass of the U 1 VLQ. From eq. 13 one can easily verify that the WCs for a particular generation of lepton are proportional to the ratio of the product of the U 1 VLQ couplings for that generation to the square of its mass. On varying the mass, the couplings also vary so that the corresponding WC remains within the range allowed by the branching ratios. For constant WCs in eq. 13, the relation between the real and imaginary parts of the coupling product for a particular generation of lepton and the mass of the U 1 VLQ is parabolic.
V Conclusion
In this article, we consider a particular type of leptoquark scenario that contains the U 1 leptoquark which conserves baryon and lepton numbers. This leptoquark mediates both charged as well as neutral current processes involved in the B-physics anomalies at tree level. On the other hand, no involved collider search results for vector leptoquarks exist in the literature. In fact, there is no practical bound on the mass of vector leptoquarks from any ongoing experiments. We have hence performed a comprehensive collider analysis of the U 1 vector leptoquark via multijet plus missing transverse energy final states. Our analysis involves two different strategies, either the U 1 leptoquark couples with only third generations of quarks and leptons or all generation of fermions.
In both cases, all the couplings share the same values. We have studied two signal topologies with the mass of U 1 ≥ O(1) TeV based on the two different strategies. We have constructed several non-trivial kinematical variables which help us to reduce the SM background with respect to the signals in our collider analysis. From our study, we have derived exclusion mass limits for the U 1 leptoquark at 95% C.L. for both signals corresponding to the 13 TeV LHC run with three benchmark values for integrated luminosities. For example, for the first final state we can exclude up to 1300 GeV for an integrated luminosity of 100 fb −1 , 1375 GeV for 300 fb −1 and 1550 GeV for 3000 fb −1 . However, for the second case the corresponding limits are slightly relaxed. For example, the mass limits for the three values of luminosities are 1100 GeV, 1175 GeV and for 1300 GeV respectively.
We have also provided the values of two observables : A τ F B = 0.174±0.019 and P τ = −0.577±0.044 for the exclusive mode B + → π 0 τ + ν with deviations of 4σ and 3.36σ from their SM values respectively. Their ranges incorporate the corresponding errors due to the CKM elements and form factor parameters. We emphasize that in addition to the collider observables discussed in the previous section, these observables can also be used to probe the presence of NP due to the U 1 VLQ.
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Appendices A B → π observables
We predict the values for three observables, which will be defined in this section.
It is possible to write the angular differential decay width as [55] The forward-backward asymmetry for a lepton l in the final state can then be written as
The q 2 distributions for a given polarization of the τ lepton are, The lepton polarization for a lepton l in the is then defined as [52] LHCb collaboration, R. 
